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Introduction
Depression, anxiety, and poor sleep have been well established to be associated with cardiovascular diseases both in general population and clinical patients with obesity or coronary heart disease. [1] [2] [3] [4] [5] Growing evidence also shows that depression and anxiety during pregnancy is related to adverse maternal outcome such as pre-eclampsia 6 by possibly sharing similar pathophysiology with cardiovascular disease (CVD). 7 Since antenatal depression is commonly accompanied by anxiety and poor sleep 8, 9 and it affects up to 12.8% of pregnant women 10 in the Caucasian population and 12.2% in the Singapore population 11 during the second trimester, antenatal mental health has become an important public health issue for its influence on further vascular complications. Therefore, it is necessary to study the precise pathophysiological mechanisms to enlighten the association of antenatal depression, anxiety, and poor sleep with hemodynamic circulation.
The retinal circulation is a ''window'' to the human microvascular system. 12 Many studies have shown that retinal vascular changes (e.g., retinal arteriolar narrowing and venular widening) are associated with vascular risk such as hypertension 13 and diabetes, 14 as well as coronary heart disease, 15, 16 cardiovascular mortality, 17 and stroke. 18 In the general population, several studies have reported a relationship between psychosocial risk factors and retinal vascular signs, suggesting the underlying influence of negative emotion on microvascular process. [19] [20] [21] [22] [23] However, the findings of negative emotion and retinal vasculature are inconsistent. For example, Jensen et al. reported a significant relationship between lack of emotional support, increased trait anxiety, more depressive symptoms, 21 and retinopathy, whereas Kim et al. reported a null relationship between depressive mood and retinopathy. 22 Regarding retinal vascular caliber, Jensen et al. reported patients with higher trait anger and anxiety tended to have narrower retinal arteriolar caliber than those with lower scores in both index, 21 whereas Nguyen et al. found that patients with type 2 diabetes and depression tended to have wider retinal arteriolar caliber than the control group and patients with type 2 diabetes, but without depression. 23 To our knowledge, there are no studies on the relationship between symptoms of depression, anxiety, and poor sleep and retinal vascular caliber in pregnant women. Therefore, our study aims to investigate the association between antenatal mental health and retinal vascular caliber at 26 week gestation among a large number of multi-ethnic Asian pregnant women.
Methods

Study Population
The Growing Up in Singapore Towards Healthy Outcomes (GUSTO) birth cohort (natural conceiving) and the In Vitro Fertilization (IVF) cohort study (conceiving assisted reproductive techniques) consisted of 1248 pregnant women recruited from 2009 to 2010. The inclusion criteria were same for both studies: Singapore citizens or Singapore permanent residents of age 18 years and above, attending the first trimester antenatal dating ultrasound scan clinic at the two major public maternity units of the National University Hospital (NUH) and Kedang Kerbau Women's and Children's Hospital (KKH), intending to eventually deliver in the above named hospitals and to reside in Singapore for the next 5 years. For this study, we only analyzed participants from KKH due to logistic constraints. Among the 1248 total participants at baseline who agreed to join the study, 952 were from KKH, of which 835 participants (response rate ¼ 87.71%) underwent retinal photography. A total of 800 out of 835 pregnant women had gradable retinal photographs (95.81%) taken at the 26 weeks follow up.
Participants were recruited by research coordinators, who received training in conducting the interview and consent process. After a detailed explanation, written informed consent of our retinal sub study was obtained at 26 weeks follow up. This study was approved by both Singhealth Centralized institutional review board and the National Health Group's Domain Specific Review Board and was conducted according to the tenets of the Declaration of Helsinki.
Evaluation of Antenatal Mental Health
Symptoms of antenatal depression were measured with the Edinburgh Postnatal Depression Scale (EPDS). 24 Symptoms of antenatal anxiety were measured with the State-Trait Anxiety Inventory (STAI), 25 only the state anxiety subscale was used for the analyses. Antenatal sleep quality was measured with the Pittsburg Sleeping Quality Index (PSQI). 26 All three assessments were taken at the 26 weeks visit. The EPDS is a widely used, self- administered 10 item screening method for depression in the postnatal period. It has proven to be reliable and sensitive in detecting perinatal depression and has also been used to screen antenatal depression in pregnant women. 24 Based on Spitzer's Research Diagnostic Criteria, a cut off of 12/13 and 14/15 is generally used as its prediction on possible postnatal depression and possible antenatal depression for most women, respectively. 27 The STAI consists of 40 questions with two subscales, state-anxiety and trait-anxiety, and each summated separately. It is a widely used and accepted measure for anxiety in adults. It differentiates between temporary condition of ''state anxiety'' (a temporary acute anxiety state) and the more general and long standing quality of ''trait anxiety'' (a propensity for general anxiety). 25 In our study, STAI raw scorings and categorized scores were analyzed. Cut off for high STAI score was determined by top the 75 percentile suggested by Nasreen et al. 28 and Teixeira et al. 29 The validated PSQI consists of 19 self-rated questions to assess a wide variety of factors relating to sleep quality and the frequency and severity of specific sleep-related problems. The PSQI has seven subscales each of a score of 0 to 3, which together adds up to a total PSQI score with a range of 0 to 21. 26 Participants with PSQI total score of 6 and above are considered as poor sleep quality. 26 
Retinal Photography and Measurements of Retinal Vascular Caliber
Nondilated, right eye digital retinal photographs were taken by using a Canon 458 nonmydriatic retinal camera (Model CR-1 Mark II with a 40D SLR digital retinal camera backing; Canon Inc., Tokyo, Japan). Retinal fundus images centered on the optic disc were used for the measurement of retinal vascular parameters according to standard protocols as described in previous reports in adults and children. 17, 30, 31 We used a newly developed semi-automated computerassisted program (Singapore I Vessel Assessment [SIVA], version 3.0; National University of Singapore, Singapore) to quantitatively measure the retinal vascular parameters 0.5-to 2.0-disc diameters away from the optic disc margin ( Fig.) . All visible vessels larger than 25 lm crossing through this zone were measured. Estimates of the average diameters of arterioles and venules were calculated based on the revised Knudtson-Parr-Hubbard formula and summarized as central retinal arteriolar caliber and central retinal venular caliber. 32 A single grader was masked to measure the retinal vascular parameters using SIVA. Intragrader reliability was assessed in 90 randomly selected retinal photographs from the same pool, and the intraclass correlation coefficient was 0.942 for retinal arteriolar caliber and 0.965 for retinal venular caliber, respectively.
Other Measurements and Covariates
Blood pressure was measured during the clinic visit with a standard protocol, using the automatic Omron sphygmomanoter (Omron HEM 705 LP; Omron Healthcare Inc., Lake Forest, IL) after 5 minutes of rest. 22 Three separate measurements were taken and their average was calculated. Mean arterial blood pressure (MABP) equals diastolic pressure minus one third of the difference between the systolic and diastolic pressures (
Standing height was measured by SECA model 213 (Seca, Hamburg, Germany), while weight was measured by SECA model 803 according to standard protocols. 31 Both measurements were separately taken with bare feet two times. If the first two measurements differed by 1.0 cm or 200 g for height or weight, a third measurement was taken for the average calculation. Body mass index (BMI) was calculated as weight divided by the height squared (kilograms per meter squared).
Autorefraction was performed using a Canon Autorefractor RK-F1 (Canon Inc.), where the average from five consecutive readings of sphere and cylinder were obtained. Readings were considered acceptable if the difference between the lowest and highest reading was 0.25 diopters or less. Spherical equivalent was calculated as the sphere plus half of negative cylinder.
Questions on sociodemographic information were completed by parents in either English, Chinese, Malay, or Tamil questionnaires. Household income was classified into five categories as follows: (1) Singapore dollar (SGD) 0 to 999 per month, (2) SGD 1,000 to 1,999 per month, (3) SGD 2,000 to 3,999 per month, (4) SGD 4,000-5,999 per month, and (5) More than or equal to SGD 6,000 per month. Pregnancy outcome history was classified into two categories as follows: (1) No live birth given before, and (2) at least one live birth given. Ethnicity, life style (e.g., alcohol intake and cigarette smoking), and past medical history (e.g., hypertension, diabetes, and depression) were obtained from the clinic interview.
Statistical Analysis
Independent variables of interests as EPDS, STAI, and PSDI scores, were all analyzed continuously and categorized into quintiles. EPDS and PSDI scores were further classified into two or four groups by the respective clinical cut offs. Dependent variables as retinal arteriolar and venular caliber were estimated based on two models: model 1: age and ethnicityadjusted; and model 2: multivariate-adjusted including variables in model 1, and later adjusted for household income, pregnancy outcome history, means of conception, hypertension history, diabetes history, cigarette smoking history, MABP, BMI, and spherical equivalent. Backward stepwise modeling was conducted to determine the best-fitting and most parsimonious model. Considering a history of infertility and the stress of fertility treatment would be expected to increase dysphoric mood and disturb sleep, we, therefore, treated means of conception as one of the possible confounders in current analysis. Test of trend was determined by treating quintiles and clinical categories of EPDS, STAI, and PSQI as continuous variables in ordinal scale. Multiple regression models were used to estimate the changes in retinal vascular caliber with every standard deviation (SD) increase in EPDS/STAI/PSQI scores.
Potential interactions of EPDS/STAI/PSQI scores by ethnicity, EPDS/STAI/PSQI scores by household income, EPDS/STAI/ PSQI scores by means of conception, EPDS/STAI/PSQI scores by cigarette smoking history, EPDS/STAI/PSQI scores by MABP, and EPDS/STAI/PSQI scores by BMI were examined in stratified analyses and as interaction terms in the models. A significant P value (two-tailed) was defined as less than 0.05. All statistical analyses were performed using PASW 19.0 (SPSS Inc., Chicago, IL). Table 1a presents the baseline characteristics of pregnant women with and without gradable retinal photographs. Overall, there were no significant differences between these two groups. Table 1b compares the means of major variables between pregnant women with normal conception and those assisted with IVF productive techniques. Again, there was no difference found across items representing antenatal mental health status or retinal vascular caliber. Table 2 shows the association of depression scores by EPDS with retinal vascular caliber. In multivariate model, each SD increase in EPDS score (4.49 scores) was significantly associated with a 0.80-lm larger retinal arteriolar caliber (P ¼ 0.03). A similar direction was found for the association between higher quintiles of EPDS total depression score and retinal arteriolar caliber (P trend ¼ 0.03). Given the higher value of correlation coefficient (R 2 ), we used a cut off of 14 as possible symptoms of antenatal depression in our participants. Subjects who were classified into doctor referral depression group showed a significant wider retinal arteriolar (123.91 vs. 121.67 lm; P ¼ 0.04) than those classified into non doctor referral depression group. Furthermore, higher EPDS total depression score was marginally associated with retinal venular widening both in linear regression model and test of trend. However, there was no significant correlation between the STAI total scale and retinal arteriolar (P ¼ 0.32) or venular caliber (P ¼ 0.34). Table 3 showed the multivariate analysis of sleep quality and retinal vascular caliber. Each SD increase in PSQI score (2.90 scores) was associated with a 1.22lm larger retinal arteriolar caliber (P ¼ 0.01). A significant association was found in participants with higher PSQI total score quintile and retinal arteriolar 
Results
Discussion
Our study showed that antenatal depressive symptoms and poor sleep quality were significantly associated with wider retinal arteriolar caliber, but not with retinal venular caliber in Asian pregnant women. Antenatal anxious symptoms were not associated with retinal vascular caliber. 19 Two other cross-sectional studies also reported an association between retinopathy signs with depressive moods. 21, 22 However, prospective data from the Rotterdam Study consisting of 3,605 participants who were followed for an average 9.0 years, reported that retinal vascular calibers were associated neither with incident depressive symptoms nor depressive syndrome. 20 We have previously reported that elevated blood pressure and maternal obesity during pregnancy were associated with abnormal retinal vascular signs, such as retinal arteriolar narrowing, retinal venular widening, and also accompanied with other changes on retinal arteriolar fractal dimension, retinal arteriolar branching angle, and retinal venular curvature tortuosity in the same cohort. 33, 34 In the current study, we provided new data on antenatal depressive symptoms and maternal microcirculation. This study focused on antenatal depression, which refers to both major and minor episodes during pregnancy. 35 Antenatal depression is reported to be most common in the second trimester of the pregnancy. 36 Several mechanisms may hypothetically underlie the associations between mental problems during pregnancy and wider retinal arteriolar caliber, including inflammatory response and endothelial dysfunction. First, Gold et al. showed that hypercortisolism in patients with major depression could contribute to increases in visceral fat mass, portal and peripheral free fatty acids, which further promotes endothelial inflammation in terms of higher level of tumor necrosis factor a (TNF-a), interleukin 6 (IL-6), and C-reactive protein (CRP). 8 In the early phase of an inflammatory response, hyperemia is often noted and it probably reflects an initial reaction of arterioles. 37 Endothelial cells may be the main factor contributing to the early dilatory response of arterioles to inflammation, by means of producing more nitric oxide (NO) to further relax vascular smooth muscle. 37 Second, impaired brachial artery flow-mediated dilation (FMD) and depletion of circulating CD34/KDR þ endothelial progenitor cells (EPC) has also been found to be associated with higher depression and anxiety scores in a recent study, examining the link between vascular disease and depression. 38 Last, a number of mechanisms have been proposed for the pathophysiology of maternal depression by the hormones (e.g., estrogen and progesterone) involved in the pathway. 35 Estrogen-mediated endothelial NO synthase (eNOS) upregulation modulates eNOS expression in the fetal pulmonary endothelium, optimizing the capacity for NO-mediated pulmonary vasodilation at birth. 39 It might imply possible eNOS-mediated effects on maternal vasodilation due to the rapid increase of 40 we are not able to further explain whether this association between antenatal depressive symptoms and retinal arteriolar widening is specific for pregnant women, due to the fact that we do not have non pregnant Singapore women as a control group to evaluate the baseline association between depression and retinal vascular caliber.
Although anxiety is often a comorbid disorder with depression during pregnancy, and we did not observe any significant associations between anxiety and retinal vascular caliber. This is in agreement with Chen et al. 41 in Hong Kong Chinese, yet in disagreement with Jensen et al. in multi-ethnic Americans. 21 The possible explanation for this might be due to difference in the nature of studied population such as age, ethnicities, duration of anxiety, and specific hormone level in vivo. Thus, it requires further studies to investigate the relationship between antenatal anxiety and retinal microvasculation.
As poor sleep is prevalent in patients with major depression with up to 90% of patients reporting frequent insomnia symptoms, 4 it is not surprising to find that sleep was also associated with changes in retinal arteriolar caliber in our study. It has been shown that sleep is crucial for the maintenance and restoration of homeostasis through the regulation of energy, repair and infection control, and is important for neuronal activity. 3 Consequently, deprivation of sleep or sleep disorders may be associated with CVD disease. 42, 43 Similarly to antenatal depression, sleep quality may affect susceptibility to infection with increased levels of high-sensitivity CRP, TNF-a, IL-6, and inflammatory cytokines. 44, 45 Our study showed that poorer sleep quality was associated with wider retinal arteriolar caliber, which might imply the same influence of early and acute state of inflammation on arteriolar blood flow.
The strengths of our study include retinal vessel caliber measurements in a large cohort of pregnant women, using a standardized protocol for retinal vascular caliber measurement, widely used reliable measures for symptoms of antenatal depression, anxiety, and sleep quality assessments, and detailed information on a wide range of potential confounders. There are limitations of our study. First, the cross-sectional nature of the 26 week gestational age measures will not be able to establish the temporal sequence of antenatal depression and sleep quality with retinal vascular caliber. Second, the self-administered psychological measures (EPDS, STAI, and PSQI) have not been validated in our local pregnant women, and no structured diagnostic interviews were conducted. As the questionnaires were all filled in a single sitting, there could have been a response set bias. Last, selection bias may have affected our results, since only participants recruited in KKH with gradable photographs were studied. Our findings on association of antenatal mental health and retinal vascular caliber still need to be examined in further studies, especially in longitudinal studies. Since retinal and cerebral vessels shared similar anatomic, embryologic, and functional features, retinal vascular abnormalities were shown to be closely correlated with cerebral circulation. 36 Our finding that pregnant women with antenatal depressive symptoms and poor sleep quality had greater retinal arteriolar vasodilatation might not only help to provide pathophysiological mechanism in how antenatal depression and poor sleep quality interact with maternal microhemodynamic changes, but also imply possible changes of cerebral blood flow in pregnant women with higher depression scores. Thus, the translational relevance reflected from our study is that retinal vasculature may shed lights on the correlation between mental health and microvasculature.
In conclusion, our study showed associations of antenatal depressive symptoms and poor sleep quality with retinal vascular caliber changes (arteriolar widening) among pregnant women. No association was found between antenatal anxiety and retinal vascular caliber. The findings suggest a possible impact of symptoms of antenatal depression and poor sleep on microcirculation in vivo during pregnancy. 
